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}/" FOREWORD

This report documents an effort to expand on flying qualities design
criteria for precision (STOL) landings. The primary emphasis €F-this—wor? is
on non-powered 1ift, fighter-type aircraft using frontside control technique

* for longitudinal flight path control. The major thrust of this effort is,
therefore, to be able to increase sortie generation due to bomb--damaged
runways.~Jhe Air Force project engineer was, initially, Thomas J. Cord. This
responsibiNty was later transfered to 2Lt Steve Sturmer. The principal
investigator ger 1: Hoh of Systems Technology, Inc., Hawthorne,
‘f‘(;(’)

California.
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work.
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SECTION I

INTRODUCTLION

1. Scope

The purpose of this research effort has been to provide data to
expand the proposed MiL Standard and Handbook (Reference 1) to include
handling qualities criteria for short takeoff and landing (STOL) air-
craft, Since STOL aircraft are unique in the approach and landing
flight phases, the criteria development hasAbeen concentrated in that
area. STOL alrcraft are generally characterized in terms of their
effective thrust vector orientation, that 1s, powered lift vs. non-
powered 1lift. The handling qualities of‘poweted 11ft STOLs were studied
extensively in the 1970s, and are reviewed in Reference 3. More
recently, a requiremen: to land fighter aircraft on portions of bomb
damaged runways by adding thrust reversing and limited vectoring has
been identified. The current goal is to be able to accomplish landings
in 1500 ft by 50 ft segments of such runways in visibilities of 700 ft
and 1in 35 kt crosswinds. STOL performance will be achieved via
extremely precise control of the touchdown point, and thrust reversing.
Since there are no handling qualities criteria for this type of STOL
aircraft, the majority of this research has beern aimed at the develop-
ment of such criteria. However, the pertinent criteria and suvpporting
data for powered lift STOLs (from Reference 3) have been included for

completeness.

The formulation of handling qualities criteria for non—-powered 1lift
STOLs requires supporting data that was not available at the initiation
of this research. While it was originally intended to conduct a moving-
base simulation to develop at least some substantiating data, such an
effort proved tc be beyond the scope of the avallable rescurces in this
program. However, the Air Force was able to provide assistance by con-
ducting a moving-base plloted simulation (albeit somewhat limited in

scope). An extensive test plan was developed that consisted of
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configurations that would fill the gaps in the data base for both longi-
tudinal and lateral handling qualities for non-powered-lift STOLs (see
Section V and Appendix B). Several of these configurations were tested
on the USAF Large Amplitude Multimode Research Simulator (LAMARS) by
AFWAL/FIGC personnel (see Appendix A). In addition, the data from the
Reference 2 flared landing study conducted by Calspan on the USAF/AFWAL
total in-flight simulator (TIFS), was utilized. That study was oriented
toward flared landings of large aircraft. but is useful in terms of

identifying the fundamental requirements for precision landings.

The proposed criteria for pitch attitude control are presented in
Section II and the criteria for flight path control in Section III.
Section II1 is divided 1into frontside flight path control
(Section III-A), and backside flight path control (Section I1I-B).
Sections II and III are presented in essentially the same format as the
current version of the proposed MIL Standarad and Handbook to facilitate
incorporation of the criteria into these documents if so desired. The
supporting data for frontside flight path control is the main topic of
the present research and is contained in Section IV. The configurations
developed to fill the gaps in the data base are summarized in
Appendix B.

2. Background

A recent report (Ref .rence 3) contains a summary of STOL handling
qualities data, so the details of these data will not be repeated here.
In Reference 3, STOL aircraft were classified into four major catego-

ries. These were:

l. Powered-lift STOLs which require the backside
closed-loop piloted control technique, 1i.e.,
pltch attitude controls airspeed and thrust con-
trols flight path. Examples of such aircraft are
the NASA Augmentor Wing and QSRA, and the Douglas
YC-15.

2. Powered-lift STOLs that are augmented so the
pilot can utilize the frontside control tech-
nique, {.e., pitch attitude controls flight path
and thrust may or may not be required to effect
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changes in the trim airspeed. An example is the
Boeing YC-14.

3. Non-powered-l1ift 1low-wing-loading STOLs. The
De Havilland Twin Otter is such an alrcraft.

4. High-wing-loading STOLs with minimal powered
11ft. While there are no existing aircraft of
this type, the task of landing CTOL aircraft
aboard aircraft carriers is similar. The fighter
STOL mentioned above falls into this class. Such
an aircraft will rely on extremely precise flight
path control and large amounts of thrust revers-
ing after touchdown. The constraints for their
mission will almost certainly demand the front-
side plloting techn que.

The differences between powered-lift and non-powered-1ift STOLs,
flown with the frontside technique, may be minimal in terms of handling
qualities requirements. However, the lower flight speeds afforded by
utilizing powered Lift can mean lower approach speeds and eink rates,
and less speed to dissipate once on the runway. Typical approach speeds
for powered-lift STOLs are 60-80 kt; for non-powered-lift, high-wing-
loading aircraft, approach speeds could be as high as 140 kt. Clearly,
the landing task carries much greater demand on precision control for
the CTOL-1ike STOL as runway length is decreased.

Reference 3 identified several major shortcomings in the available
STOL data base. The critical gaps are outlined below.

9 Most of the STOL aircraft flown or simulated have
been medium-to-large transport-type aircraft
(i.e., Class II and III in MIL-F-8785C,
Reference 32). This applies to both non-powered-
1ift STOLs (the Twin Otter) as well as powered-
11ft atrcraft (e.g., the YC-14, YC-15, Augmentor
Wing). [Little quantitative data could be found
for Class IV STOLs, such as the AV-8A Harrier
(which 1is normally operated in a VTOL environ-
ment).

? The hulk of the data were generated during the
early-to mid-1970's 1in response to Federai
Aviation Administration interests in Airworthi-
ness Certification for STOLs. Thus, the tasks
and operating environments were tallored toward



civil, rather than military operations. These
data were obtained exclusively on mcving-base
simulators.

® The only useful flight test data available were
for the NASA Augmentor Wing aircraft. Again,
this is a large, powered-lift STOL. Since the
publication of Reference 3, the flight test
reports for the Advanced Medium STOL Transport
(AMST) aircraft, the YC-14 and YC-15 (Refer-
ences 25 and 26, respectively), have been
reviewed. However, since these were evaluation
reports and were not intended for the generation
of quantitative handling qualities data, their
usefulness 1s limited to whatever insiguis that
can be obtained from pilot commentary.

® Very little of the existing data could be used to
define Level 2 and Level 3 boundaries for flight
path control. The civil airworthiness studies
were concentrated in the Level 2 region (Cooper-
Harper pilot ratings of around 4 to 5).

® A number of STOL criteria for both flight path
control and attitude control were available, but
there was 1insufficient data to set definite
Flying Quality Levels on these criteria.

® Very little work has been conducted for lateral-
directional requirements. In Reference 3, it was
emphasized that the CTOL requirements should
apply equally for STOLs. However, it is likely
that the extreme precision required for non-
powered-1ift STOLs will require increased band-
widths in the lateral-directional axes.

From the above, the most critical areas for research can be identi-
fied. The heaviest interest is for non-powered-lift, fighter-type STOLs
since there are essentially no data for this type of aircraft. Data is
needed for all STOL types to refine proposed criteria and verify the
applicability of existing criteria, especially for Level 2 and 3 opera-
tions. Effects of adverse visibility and weather, and tradeoffs between
flared and unflared landings, need to be investigeted. Lateral/

directional handling qualities requirements must be developed.




SECTION 1I

PITCH ATTITUDE CONTROL

1. Requirement

The bandwidth of the open-loop pitch attitude response to the pitch

controller shall have the following characteristics .

Recommended limits for the pitch attitude bandwidth are given as a

function of the parameters WBWg and Tp in Figure 1. These parameters
are defined in Figure 2a. In addition, the subsidence ratio X2/X1,
defined in Figure 2b, should not exceed 0.3l. An attitude command/
attitude hold (ACAH) response-type 1is recommended for STOL landings,
although rate command/attitude hold (RCAH) is acceptable (but not ideal)

as long as the requirements of Section ILI-A are met.
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3 w5
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Figure 1. Bandwidth Requirements oa Pitch Attitude
(From Reference t)
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2. Rationale

The bandwidth criterion (defined in Figure 2) 1s recommended for
alrcraft where STOL landing is a mission requirement. This is based on
the fact that the use of Lower Order Equivalent Systems is not possible
with the recommended attitude command/attitude hold response-type, and
has questionable validity for rate command/attitude hold (this is dis-
cussed in more detail in Section IV-E). The recommended criterion
boundaries in Figure 1 are identical to the proposed Categorv C bound-
aries for conventional aircraft (Reference 1). This 1is based on the
results of the Appendix A simulation as well as the flight tests 1in
Reference 2 (the test aircraft was not a STOL, but the task involved
precision landings). This is discussed under supporting data for front-

side flight path control (Section IV).

A subsidence ratio requirement has been added to the wgyy and o
parameters from Reference 1 to account for the fact that a damping ratio
of less than 0.35 can be obtained while still meeting the Level 1 bound-
aries in Figure 1. While it is extremely unlikely that an attitude or
rate augmentation scheme would ever be designed with § < 0.35, it is
possible that the failure of a pitch damper could cause a loss in damp-

ing which would be caught by the subsidence ratio limit.

Reference 3 suggested a possible relaxation in attitude bandwidth 1if
the aircraft is flown backside in the flare (i.e., flare with power).
However, while such flaring with power may be perfectly acceptable
(Section III-B), it is felt that the integrity of the attitude response
should be maintained for the de-rotation task after touchdown, as well

as rotation to the takeoff attitude.
3. Supporting Data (Guidance)

The supporting data for this section is given in the proposed MIL
Standard and Handbook, Reference 1 (page 178), since it is unchanged
from the CTOL requirement. Further substantiation 1is given in

Section IV (Figure 23) based on the results of the Appendix A simulation
and the Reference 2 flight tests.



The Reference 2 flight tests do not, however, support the limits on
Tp in Figure 1, and in fact much higher time delays (0.2 to 0.3 sec)
result in Level 1 ratings. It 1is not clear whether these results are
due to the large-airplane orientation of the Reference 2 test, or are an
indication that the strong sensitivity of pilot rating to increasing
time delay (approximately 1 rating per 0.05 sec of time delay, for
which T is an approximation) predicted in References 4 and 5 are not
correct. It is proposed that the current, more stringent limits on tp
be retained until landing tests with more agile aircraft are conducted.
It does appear, however, that a relaxation on Tp for large aircraft is

warranted based on the Reference 2 results.
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SECTION 111

FLIGHT PATH CONTROL

The piloting technique utilized for flight path control depends on
whether the aircrait is on the backside or frontside of the power-
required curve, and on t = inclination of the thrust vector in the
power-approach flight condition. Most "conventional™ takeoff and land-
ing (CTOL) aircraft operate on the frontside (dy/dV is negative) and the
majority of the thrust is pointed aft, whereas powered-lift configura-
tions tend to operate on the backside (dy/dV is positive), with a large
portion of the thrust oriented normal to the flight path. For CTOLs,
flight path is controlled with pitch attitude, and airspeed with thrust.
For powered 1lift STOLs, thrust is used to control flight path, and pitch
attitude to control airspeed, except for the flare, which is usually
accomplished with attitude. Fighter STOL configurations would tend to
operate in a region where dy/dV = 0 and have most of the thrust oriented
aft. Because of the aft thrust orientation, short-term flight path cor-
rections would be accomplished with attitude, and airspeed control, as

well as long-term flight path corrections, accomplished with throttle.

Requirements are necessary for bcth the frontside and backside con-
trol techniques. Such requirements, along with rationale and supporting

data, are presented in the following paragraphs.
A. FRONTSIDE FLIGHT PATH CONTROL
l. Requirements

a. The lag between flight path and pitch attitude shall fall within
the following limits .

b. The angle-of-attack response to a step longitudinal controller
input shall exhibit zero slope within the first seconds
from initiation of the step controller input, and shall be
generally characterized as a step response during that period.
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c. TIf Requirement b is not satisfied, or 1s questionable, an
acceptable alternative shall be to demonstrate that the band-
width  of flight-path-angle to longitudinal controller
input, mbY’ is greater than .

d. The magnitude of the peak flight-path-angle change following a
step change in pitch attitude shall exceed .

Compliance with Requirement a is to be demonstrated at the minimum
allowable approach speed specified for the aircraft. Compliance with
Requirements b, ¢, and d is to be demonstrated at the minimum expected
airspeed at flare initiation, or at touchdown if no-flare landings are

specified.

Recommended limits

a. The recommended limits for the effective lag between pitch atti-
tude and flight path (see Figure 3) are as follows:

< __0.77"B¥e
eff kg + VK22 4+ 1

Level 1 0.38 < (1/Tg,)

1. 33ugy,

PR A,
eff  gg + /k2;2 4+ |

Level 2 0.24 < (1/Tg,)

Where § is obtained from the subsidence ratio (Figure 2b) according to

Figure 4, or a conservative default value of 1.3 may be used.*

K = ] for ACAH response-type

K= —- for RCAH -
wagjr—ifﬂ; or RCAH response-type

*These approximations assume T = 0.
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Where 1/Tq 18 the numerator zero of the q/8gg transfer function (see

Section 1IV).

If an equivalent short period frequency has been calculated, the

following relationships apply:
Level 1 0.38 < (1/T < 0.77
( ez)eff “‘sp

Level 2 0.24 < (1/T92) < 1.33 uy,

eff
b. The short-term angle-of-attack response should have zero slope
within the first five seconds following a step longitudinal con-
troller input. Examples of acceptable and unacceptable angle-

of-attack responses are shown in the following sketch.

OK NOT OK
™

a

111”’—_, | t/’/”’,afaa——————-:'

0] ' 5 0 ' 5
a

1/”,¢f—-"-~....___:._ 1”_______-—"-———-—‘:'

0 t 5 0 t 5

c. If Requirement b is not satisfied, or is questionable, the band-
width of the flight-path-angle response to the longitudinal con-
troller input (where bandwidth is defined in a manner identical
to pitch attitude bandwidth, Figure 2a, with Y in place of 9),
should be no less than the following:
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LEVEL 1 LEVELS 2 and 3

waY (rad/sec) | 0.80 0.60

d. The magnitude of the peak flight-path-angle response following a
step change in attitude should be no less than the following.

LEVEL 1 LEVELS 2 AND 3

AMmax
"ﬁs‘s—' 0.70 0.50

2. Rationale

The requirement on flight path lag relative to pitch attitude
(Requirement a) is directed at flight path control during the landing
approach where the bandwidth of the pitch attitude loop is characteris-
tically much higher than that of the path loop. The requirements for a
atep-like angle-of-attack response, a minimum level of flight path band-
width, and a minimum Ay,,,/A8;4 are all based on the requirement for

precision touchdouwn.
3. Supporting Data

a. Flight Path Control for Landing Approach

The limits on (l/ng)eff were taken from Reference 3. The lower
limit is based on approach data from flight tests with a CTOL NT-33A.
This data is felt to apply to STOLs as well since no unique requirements
have been determined for STOL flight path control in the approach flight
phase. In fact, the results of Reference 6 indicate that the flight
path dynamics during the approach are surprisingly non-critical, and
that the requirements for short final and landing establish the flying
qualities 1limits. As noted 1in Reference 3, the 1lower limit
on (l/'l‘ez)eff is equivalent to the lower limit on n/a for CTOL aircraft
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at 135 kts. Interestingly, the lower limits on n/a in MIL-F-8785C are

based on a minimum I/Tez which was converted to n/a.

The upper limit on (I/Tez) o is based on experience which has shown
e
that the path response bandwidth should be well separated from the pitch

response bandwidth (see, e.g., References 18 and 36).

Evidence to support this is given in the analysis and flight test
results obtained by DFVLR (using an HFB-320 in-flight simulator) and
reported in Reference 7. These results indicate that an appropriate
criterion parameter would be the phase angle between path and attitude

at the short-period frequency, i.e.,

Q7D P

Noting that ¢(Y/e)|w=”hp = tan-l whptez, a criterion on uhpTez » PpPro-
posed in Reference 1, can be easily converted to ¢(Y/6)|w_mbp with the
results shown in Table l. The upper limits on l/‘l‘e2 in Requirement a
were obtained from the values of (ungez)min in Table 1, which in turn
were taken from the Category C requirements in the proposed MIL Handbook
(Reference 1). The upper limits on l/‘l‘e2 could also be considered as a
lower limit on Ugpe This, of course, is a direct consequence of the
physical interpretation of “bprez as a measure of path/attitude conso-
nance. More specifically, when controlling flight path with pitch atti-
tude, the pilot desires that the path response lag the attitude
response. Unfortunately, there is not a great deal of data to document
this particular aspect of the pilot-centered requirements for path con-
trol; that is, very few experiments include configurations where l/‘l‘e2
is nearly equal to or greater than Wgne For now we must rely on
Reference 7 as well as undocumented pilot commentary from various
sources to support the path/attitude consonance requirement; however,
our rationale leads us to avold a situation where l/‘l‘e2 > wgp+ This
conclusion was reached independently by other researchers (i.e.,
References 7 and 8) but not by those using fixed base simulation. This

suggests that the requirement for l/'re2 < g p is a result of aircraft
motion.
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TABLE 1. CONVERSION OF mspTe2 TO A PHASE ANGLE CRITERION

(“‘s T ) MAXIMUM ALLOWABLE
P52 min

(Reference 1) ¢(Y/9)|w=u;sp (deg)

CATEGORY LEVEL

A 1 1.6 =58
2 1.0 -45
B 1 1.0 ~-45
2 0. 58 -30
C l 1-3 ‘52
2 0-75 -37

The phase angle criterion in Table 1 would be applicable as an

alternate to the upper limit on (1/'1‘92) £t for interpretirg simulator or
e
flight test results.

The proposed criterion is written in terms of wpy, (instead of Up)
as a matter of convenience to the user. wpy, is related to ugp by the
following relationships (see Reference 9, page 210):

gy -
= Kigp + ¥ K25g52 + |

“sp
K = ] for ACAH response-type

K ——-—7—-6 v for RCAH
= or response-type

Combining these values with the Category C limits on (q,p'l'ez)un
from Table | ylelds the specified upper limits on (l/'l‘az)eff. The rela-
tlonship between WBWg and Wy p involves the damping ratio which can be
obtained from the subseq: ence ratlo (lexl in Figure 2b), or a conserva-
tive default value of 1.3 may be useds The parameter l/'l‘.:l is the
numerator of the pitch rate response which is simply the ratio of the
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attitude (or integral of rate) to rate gain (Ke/Kq). This is further
clarified in Section IV.
Determination of (I/Tez] requires a frequency sweep and subse-

eff .
quent manipulation of the data using Fast Fourier transforms. An alter-

N native (and much simpler) approach is to utilize the linear relationship
between the rise time in Y following a step change in O, and (l/Tez] -
: e
. defined in Reference 3 and shown in Figure 5.

b. Flight Path Control for Precision Landings

The proposed requirements for precision landings (b, ¢, and d) are
new, and represent a substantial portion of this research effort.
Therefore, an entire section of the report (Section IV) has been allo-

cated to the development of the precision landing criteria.

B. BACKSIDE FLIGHT PATH CONTROL

The requirement, rationale, and supporting data presented in this
section are taken from Reference 3 with some minor modifications.

1. Requirement

The short-cerm flight path response to designated flight path con-
troller inputs shall have the following characteristics: .

Recommended values: Effective rise time, tRYT’ and overshoot
ratio, AYyax/8Yge, following a step change in designated flight path
controller, should be within the Level 1 boundaries of Figure 6. There
are insufficient data to define the boundary between Level 2 and
Level 3. Aircraft which fall outside the Level 1 boundaries in Figure 6

should be required to have Level 1 vertical axis response to attitude

. changes, i.e., they should meet the requirements of the prev’.ous subsec-
) tion (III-A).
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Figure 6. Level 1 Limits for Short-Term Vertical Axis Response
to Step Input of Designated Flight Path Controller

2. Rationale

This paragraph is applicable to aircraft equipped with a designated
flight path controller other than pitch attitude. The form of control-
ler is irrelevant; STOL designs have used spoilers, flaps, nozzle vec-
toring, and throttles to provide flight path control. Throughout these
requirements the controller will often be described as "throttle™ for
convenience, since "designated flight path controller” is unwieldy. The
use of “"throttle” to represent the flight path controller should not be

construed to indicate any preconceptions as far as specific design.

It would be expected that a designated flight path controller will
be required for most powered-lift aircraft because: 1) a significant
component of the thrust vector is vertical, and/or 2) the aircraft oper-

ates well on the backside of the power required curve.

Separate criterion boundaries are specified for Landing and Approach
in Figure 6. Aircraft with flight-path-to-throttle characteristics
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which meet the approach boundaries, but not the landing criterion, are
expected to meet the criteria for precision landings with pitch attitude
in Section III-A-b.

The most important short-term requirements for the designated flight
path controller are rapidity of response and effectiveness in changing
the flight path. Rapidity is defined here in terms of rise time, tRYT’
and overshoot ratio, AYy,x/AYgg, determines how well the commanded
flight path change stabilizes in the short term. Figure 7 illustrates
how tryp and AYpax/8Y;g are defined. Note that CRy1 is identical to the
parameter tO'SAYmax of Reference 10, and that it is related to the band-
width of h/8p (normal pitch SAS on) as defined in Figure 8. Figure 9
shows  the relationship between wgy .. and CRy1 for the data of
References 6 and 11. This figure may be used to convert the Figure 6

requirement to mbhT V8. BYpax/BYgg, 1f desired.

ay o

(deg)
05 Aym‘

AYss

rY

3¢ (%)

0 time (sec)

Note: Pitch attitude controller is free during response

Figure 7. Definition of Y/8p Time Response Parameters
(Pitch SAS Active)
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Figure 9. Relationship Between Throttle Bandwidth and
Rise Time for Typical Powered-Lift STOLs
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The 1limits of Figure 6 reflect pilot acceptance of less precise
flight path control (i.e., more overshoot) during the approach than for
flare and landing. For flare, large path overshoots generally lead to
high workload and touchdown dispersions. The dashed lines on the
Level 1 boundaries reflect uncertainty (primarily due to a lack of data)
in setting a lower limit on tRYT' It is certain that the excessive
abruptness consistent with tRYT + 0 would be unacceptable to the pilot.
However, the lower limit on tRYT in Figure 6 is not based on any exist-
ing data and should be the subject of piloted simulation or flight test

experimentation.
3. Supporting Data

The requirements proposed for backside flight path control are taken
from Reference 3. Supporting data 1is developed extensively 1in

Reference 3 and is presented herein in a slightly abridged form.

a. Approach Data

An extensive review of configuration characteristics and pilot com-
ments from References 6 and 10 through 13 (discussed extensively in
Reference 3) shows that, with only one exception, all the aircraft
tested were flown using STOL technique (h + &p, u + 0) on final
approach. This was to be expected, since all these aircraft represented
powered-lift designs. The single exception was a simulated aircraft
with an effective horizontal thrust inclination and adequate path/
attitude bandwidth (Reference 11) -- i.e., a non-powered-lift CTOL-tyoe
airplane. It should be noted that many of the Reference 6 configura-
tions were on the frontside of the power requiresd curve, but that the
pilot still utilized the STOL technique for fllght path control. This
was primarily because of the large thrust inclinition angle that renders
throttle ineffective as a spzed controller. 1I: fact, a r-view of the
pilot commentary reveals that speed/path coupling was actually adverse
in many cases, i.e., speed decreased with a power addition. Path/speed

coupling is further discussed in Reference 11.
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One measure of the extent of prered lift 1s the effective thrust angle,
&T, given by 6p = tan'l(--iE;), XGT, Zar in stability axes. Thus
9T = 90 deg 1is a purely vertical component. The parameters tRYT
and AYmax/AYss can be related to ;. Figure 10 shows the generic effect
of 9T on flight path response. As this figure suggests, sluggish rise
time (tRYT large) is often associated with relatively horizontal thrust
inclination, while overshoot (AYpax/AYgg > 1) occurs as a result of

relatively vertical thrust inclination.

Figure 11 is a summary of the ratings from References 6 and 10
through 13. The test conditions, vehicles flown, and facilities are

described in detail in Reference 3 and are summarized in the following

table.

REF TEST FACILITY AIRCRAFT VARIABLES

13 FSAA (Simulator) BR941S Ugsr Yoo oug, Transparency

12 FSAA Augmentor UO’ YO’ w1nd8, TENGINE
Wing

6 S-16 (Simulator) Generic Ugs Ny Yo» O Winds

: - g

Powered
Lift

6 Princton VSA Navion

(Flight)

11 FSAA Generic oug, Winds, Tgneine
Powered-
Lift

10 Augmentor Wing AWJSRA Xgr Zyp» QT

The flight test data on Figure 1l have poorer pilot ratings than the
simulations. The reasons for this are not fully known, although it is
possible that the overall flight test enviroument (which almost always
included some winds and turbulence) was more severe than the simulated
environments. This degradation in pilot ratings in flight test was
found in Reference 6, where similar configurations were evaluated in

both environmerts (compare simulator and Navion data on Figure 11).
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It 1is important to remember that the proposed MIlL Handbook
(Reference 1) allows a degradation in pilot ratings due to turbulence;
for example, the Level 1 limit drops from 3-1/2 to 5-1/2. Therefore a
rating of 5 in moderate turbulence 1s equivalent to a 3 in calm air.
This two-point shift 1is supported by the data of Figure 11 (where pilot
ratings below the symbol are with turbulence).

There 1s counsiderable scatter in the ratings shown in Figure 1ll.
For example, in one case Level 1 pilot ratings were given to a configur-
ation with an extremely sluggish response (tRYT = 6.5 sec). This is
explained by the good short-term path/attitude characteristics of this
configuration [(I/Tez)eff = 0.75 rad/sec; Configuration  BSL2 from
Reference 6]. The pllot comments for BSL2 verify that the pilot used
throttle for basic path contrcl, but relied on pitch attitude for quick-
ening the path response. In fact, the primary reason the pilots stated
that they used the backside technique on this configuration was that the

thrust inclination was nearly vertical, making it impossible to control

airspeed with power.

The boundaries drawn are based on a combination of the data shown,
and on what previous researchers have recommended. For example,
Reference 10, using most of the same data, suggested tRYT less than
3 sec. The AMST specification (Reference 16) defined the rise time for
reaching 90 percent of steady-state, and set the limit at 5 sec for
flight at the minimum operational speed. For a typical h/dp response
this would be equivalent to tRYT of approximately 2.8 sec.

Data from Reference 15 are given in Figure 12. These data are from
an FSAA simulation of the Augmentor Wing with variations in Xu’ xw, and
BT' The data were not included on Figure 11 hecause the task in this
experiment only iancluded ILS tracking -- a relatively undemanding task.
This 1s reflected in Figure 12 where the Reference 15 data are compared
with the proposed boundaries. The fact that Level 1 pilot ratings were
given to configurations with very sluggish response characteris-
tics (tRYT = 5) emphasizes the fact that the visual portion of the
landing task on short final and in the flare is mich more demanding than
the ILS approach (see discussion in Reference 6). Regardless, the data

are still worth considering, and support at least the AYpy,x/AYgg limit.
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of Augmentor Wing; Calm Air (Reference 15)
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Figures 11 and 12 lack sufficient data to support a Level 2 limit in
either rise time or overshoot, and thus there 1s no such limit in the

Figure 6 requirement.

b. Flare and Landing

There is a substantial amount of data that indicates that the use of
throttle to flare can result in Level 1 handling qualities. For exanm-
ple, all of the data in Figure 13 are for configurations where the
pilots noted that flaring with pitch attitude was not possible (see
Reference 3 for more detail). There 1is somewhat stronger support for
the Level 1 1limit here than in the approach flight condition. This is
probably attributable to the fact that there was less time to correct
for responses that were sluggish or had overshoot in the flare maneuver;
i.e., landings require more precision than approaches. This important
result has been observed during all approach and landing experiments,
STOL and CTOL, and is discussed in detail in Reference 6. The ratings
suggest much less tolerance for overshoot, as one would expect. There

is insufficient data to define a Level 2 boundary.
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SECTION IV

DEVELOPMENT OF PRECISION LANDING CRITERIA

A. DATA SOURCES

The data utilized to develop and substantiate the proposed require-
ments (Sectlon III-A) consisted of a recent in-flight simulation of
flared landings using the USAF/Calspan Total In-Flight Simulator (TIFS,
Reference 2), and a moving-base simulation of STOL landings conducted on
the USAF Large Amplitude Multimode Research Simulator (LAMARS) (see
Appendix A). The data from a fixed-base simulation of fighter STOL
landings (Reference 17) were also considered, but not analyzed exten-
sively as the details of the dynamics of the configurations (transfer
functions) were not available. A second TIFS approach and landing study
was conducted as a follow-on to the Reference 2 experiment. These data
are discussed only briefly as they were unofficially received (in raw

and incomplete form) just as this report was being completed.
B. PILOT-VEHICLE ANALYSIS

In this section, the well-developed theories of pilot-vehicle analy-
sls and the associated crossover model are applied to formulate poten-
tial parameters to predict handling qualities for precision landings
with pitch attitude. Piloted control of flight path has been studied
extensively using both the series and parallel pilot models shown in
Figure 14. The detalled characteristics of attitude and flight path
control for serles and parallel pilot models is analyzed 1in
Reference 18, which shows that, from a purely dynamic standpoint, the
series structure is preferred if lead is required to stabilize pitch
attitude, and the parallel structure is best if lag is utilized by the
pilot in the attitude loop. Some other factors that determine which
structure the pilot actually adopts are:

® the required bandwidths of the attitude and path

loops. 1f ugyge >> upy the pilot is more likely
to adept a series strategy than if uwgy, = B e
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® the pitch attitude augmentation, e.g., the amount
of stabilization that must be supplied by the
pilot. If attitude is inhereantly well stabi-
lized, the pilot may be prone to closing the Y
loop directly, with only intermittent attention
to attitude control.

® the flight path response to 1ong1tud1nhl control-
ler. 1If the Y/8 response does not require sig-
nificant equalization, the pilot will be more
prone to controlling Y directly (parallel) rather
than through © (series).’

The key parameters that govern the flying qualities for approach and
landing depend, to some extent, on which form of the model is assumed.
Therefore, the approach taken herein has been to attempt correlations
with the pilot rating data with variables that derive from both the
series and parallel forms of the pilot model. Before proceeding with
these correlations, it is necessary to develop the generic characteris-
tics of attitude and flight path control for the most common types of
attitude augmentation, i.e.,

® Conventional response with improved dynamics,
i.e., angle-of-attack plus pitch rate feedback.

® Rate command/attitude hold (KCAH).
® Attitude command/attitude hold {(ACAH).

Conventional attitude and flight path response characteristics are
obtained when angle-of-attack and pitch rate are employed as feedbacks.
The pitch attitude-to-longitudinal controller transfer function for such

conventional responses is given as (see References 19):

*
0 Méyq (1/T31)(1/T92)
6;8 [Cpmp] [Cspwsp]

*Notation: (1/T) + (s + 1/T); [gw] +» [s2 + 2CZws + w2]
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Virtually all existing fly-by-wire aircraft (for example the F-16,
Space Shuttle, X-29) utilize a rate-command-type augmentation with a
parallel integrator in the forward loop, which provides an attitude sig-
nal to supply the required stiffness, and attitude hold. A block ﬂia-
gram and generic root locus plot for a statically unstable aircraft,
showing the effect of increasing the loop gain on the closed-loop roots
for RCAH augmentation, is given in Figure 15. When the gains are suffi-
ciently high, so that the poles effectively drive into, and therefore
cancel, the zeros, the aircraft is referred to as being superaugmented
(see Reference 20). It 1is noteworthy that the dominant second-order

pole (w') circles the l/Tq zero so that the pitch attitude bandwidth is
set by I/Tq.

Attitude command/attitude hold (ACAH) represents a viable, albeit
less popular, augmentation scheme. The generic system survey character-

istics of the loop closure for ACAH are i1l'ustrated in Figure 16.

The angle-of-attack and flight path angle responses resulting from a
change in pitch attitude are well approximated as follows:

e . (%!
8 ° T/t J(1/Te,)
*
o iae(l/TYI 1/t M1/Tyg) |
]

UG 7Te, JUTTe,]  ~ Ti7Tey)

Using these approximations the 8/8g5, Y/fgg, and a/ag transfer func-
tions can be approximated with the results shown in Table 2. The

generic characteristics of the frequency and time responses of attitude,

*Tthe effect of 1/T, and 1/T, accounts for Zg . This can be an
LP) Y3 e
important effect and is ignored here only to allow a comparison of dif-

ferent response-types. (See Section IV-D for a more detailed discus-

sion.)
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flight path angle, and angle-of-attack for each of the augmentation

schemes discussed above are presented in Figure 17.

The following observations can be made from Figure 17 regarding
flight path control with pitch attitude.
¢ ® The slopes of the Y and O frequency response asymp-
totes are equal below 1/T@y, and differ by 20 dB/

decade (Y lags 0) above 1/T@) for all attitude
augmentation schemes, i.e., Y/0 = 1/(T923 +1).

® The bandwidth of 6/8gg depends on w' and 1/Tq, (or
/T, for RCAH).

® The bandwidth of Y/$,g depends on:
- g, for conventional response-type (Figure 17a).

-- ®' ‘and (1/T; - 1/Tg.,) for RCAH (Figure 17b).
Note that Y/ges is K}s2 between l/Te2 and I/Tq.

-- ' and 1/Tq, for ACAH (Figure 17¢c).
2

® The angle-of-attack response to a step pitch con-
troller input looks like:

-- a step for conventional response-types.

-- a step for RCAH response-types when
1/Ts, = I/Tq.

-- a ramp for RCAH response-types when
I/Te2 K l/Tq.

-- a step with some initial overshoot for ACAH
response-types.

The attitude and altitude bandwidths (uwpy, and waY) used in this
report are based on the definition established In References 1 and 3.
That is, the bandwidth is defined as the frequency at which the phase
margin 1s 45 degrevs or the gain margin is 6 dB, whichever is less, see
Figure 2. The basis for this metric is that it is representative of the
maximum frequency (or equivalently maximum gain) at which the pilot can
clogse the loop without threatening stability, with zero lead equaliza-
tion. This definition of bandwidth, when applied to pitch attitude,
correlates the pilot rating data very well in References 1 and 3, but
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valid for this response-types)

Figure 17, Generic Characteristics of Common Airplane Response Types

38




FREQUENCY RESPONSE RESPONSES TO

AMPLITUDE ASYMPTOTES STEP 3¢g INPUT
I |
T92<K1h P
2
i Bes | ‘ L 4
1w
Tq

Q) —o

YD
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Figure 17. (Continued)
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was shown to be somewhat unsuccessful in the flared landing study of
Reference 2. Reference 2 represents the first set of flight test land-
ing data where the attitude and flight path responses were systemati-
cally varied. In Reference 1, the flight path response characteris-
tics (I/Tez) were unchanged for each set of data so that pitch attitude
bandwidth correlated the data from any one experimeant. Not surpris-
ingly, it is necessary to account for the bandwidth of the attitude and
altitude loops to correlate data in experiments where both of these var-
iables are varied, such as Reference 2. This approach was taken in
developing handling qualities criteria for STOL aircraft in Reference 3,
where the parameter (I/Tez)eff was suggested as representative of the
path controcl bandwidth based on the series pilot model (Figure 14).
Both attitude and path control were taken into account in Reference 21
(an analysis of the Reference 2 data) where a coanstant 25° pilot atti-
tude lead equalization was assumed to form the inner loop closure, and
the outer loop bandwidth (Neal-Smith definition) was used as a correlat-

ing parameter with good results.

Based on the generic Bode asymptotes in Figure 17, and the series
and parallel pilot models in Figure 14, the following parameters were
picked as potential handling qualities criteria for precision flare and

ianding.

® wpyg -- This parameter defines the bandwidth of
the attitude loop (see Figure 2) and has a direct
influence on the bandwidth of the path control
loop for the series or parallel pilot model
(i.e., is a strong function of w').

® 1/Tey -- Defines the lag between attitude and
flight path as shown by the following approxima-
tion (assruming Mées is large compared to z6es)=

ol=<
[ ]

—
Tezs + 1

For cases where the above approximation does not
hold, an effective value of l/T62 was defined in
Reference 3 as the frequency where Y lags 0 by
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45 deg, (l/Tez)e £ This was illustrated in
Figure 3, taken from Reference 3.

wpyy -~ Defines the bandwidth (Figure 8 defini-
tion) of the flight path response to longitudinal
controller inputs. This parameter is most physi-
cally significant when the parallel pilot model
is employed, 1i.e., pilot controls Y directly
with 8o rather than through attitude, see
Figure l4.

(1/Tq = 1/Tey) -—- Defines the region where Y/8gq
is K/s? 1if 1/T9y < 1/Tq. Based on the crossover
model defined in pilot-vehicle analysis theory
(see for example Reference 22), the pilot equal-
ization will consist of a lead at 1/T9; and a lag
at 1/Ty where the quasi-linear pilot wodel
assumed is:

=T.8 (TLS + l)
Yp = Kpe (Trs + 1)

Reference 22 indicates that the pllot will always
equalize 8o that Y/§g = K/s, and if this
requires a lead zero (l/TL) at less than 1 sec,
Level 2 pilot ratings are expected to occur.

Shape of the a response =-- The existence of a
region of K/s? in the Y/ 8eg response corresponds
to a region of K/s in the a/8,g response (see
Figure 17b). In the time domain, this represents
a monotonically increasing response to a step $gg
input. Therefore, if the angle-of-attack ramps
in response to a step longitudinal controller
input, a significant region of K/s? in the Y/ Seg
respongse is indicated; whereas if a responds as a
step, Y/8.g has the desired K/s shape in the
region of piloted crossover. These characteris-
tics are shown generically in Figure 18 for
several values of 1/T; and 1/Tg,. The long-term
ramping is due to the phugoid and is of no conse-
quence unless the phugoid frequency is unusually
high. 1If 1/Te, is large (say greater than 1.0),
the region of K/s2 will occur above the crossover
region for path control (about 0.3 to 1.0 rad/
sec) and will be of little consequence. Inter-
estingly, the short-term a response also looks
like a step for such cases regardless of l/Tq
(e.g., Figure 18b). In summary, a step-like
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